Rod photoreceptors of nocturnal mammals display a striking inversion of nuclear 20 architecture, which has been proposed as an evolutionary adaptation to dark environments. However, the nature of visual benefits and underlying mechanisms remains unclear. It is widely assumed that improvements in nocturnal vision would depend on maximization of photon capture, at the expense of image detail.
Introduction
The structure of the vertebrate retina requires light to pass through multiple cell layers prior to reaching the light-sensitive outer segments of the photoreceptors (Dowling, 40 1987) . In nocturnal mammals, the increased density of rod photoreceptor cells demands a thicker (Němec et al., 2007; Peichl, 2005) rod nuclei-containing outer nuclear layer (ONL). For mice, where rods account for around 80% of all retinal cells (Hughes et al., 2017) , this layer of photoreceptor nuclei is 55±5 m thick, thus creating an apparent paradox by acting as a more pronounced barrier for projected images 45 prior to their detection (Fig. 1A) . Interestingly, rod nuclei are inverted in nocturnal mammals (Błaszczak et al., 2014; Kreysing et al., 2010; Solovei et al., 2009; , such that heterochromatin is detached from the nuclear envelope and found in the nuclear center, whereas the less-dense euchromatin is re-located to the nuclear periphery. Given that this nuclear inversion is exclusive to nocturnal mammals and 50 correlates with the light-focusing capabilities of isolated nuclei, it was proposed as an evolutionary adaptation to life under low-light conditions (Błaszczak et al., 2014; Kreysing et al., 2010; Solovei et al., 2009 ). However, the nature of any visual improvements that could arise from nuclear inversion remains unclear. 55 It is widely assumed that high-sensitivity vision depends on optimized photon capture (Schmucker and Schaeffel, 2004; Warrant and Locket, 2004) and often comes at the expense of image detail (Cronin et al., 2014; Warrant, 1999) . Here, we show that nuclear inversion affects a different metric of vision, namely contrast sensitivity under low-light conditions. In particular, we experimentally show that nuclear inversion 60 improves retinal contrast transmission, rather than photon capture or resolution.
Advanced optical modelling and large-angle scattering measurements indicate that this enhanced contrast transfer emerges from previously coarse-grained (Błaszczak et al., 2014; Kreysing et al., 2010; Solovei et al., 2009) changes in nuclear granularity, namely a developmental reduction of chromocenter number (Fig. 1B1 ). Moreover, 
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Results
Volume specific light scattering from chromocenters
To test how the presence of densely packed rod nuclei in the light path affects the propagation of light through the retina, we compared transmission of micro-projected stripe images through freshly excised retinae of wild type (WT) ( Fig. 1A) and Rd1/Cpfl1 75 KO mice (Chang et al., 2002) , which lack all photoreceptors including the ONL (Fig.   1B2 ). In the absence of photoreceptors and their nuclei, we observed 49% greater imaged detail (cut-off chosen at 50% residual contrast, Fig. 1B3 ). Since photoreceptor nuclei contain highly compacted and molecularly dense DNA with significant light-scattering potential (Drezek et al., 2003; Marina et al., 2012; Mourant 80 et al., 2000) , while photoreceptor segments have been described as imagepreserving waveguides (Enoch, 1961) , these findings suggest that light propagation in the mouse retina is significantly impacted, if not dominated, by the highly abundant rod nuclei of the ONL. 85 We then asked whether retinal cell somata are optically specialized with distinct light scattering properties. A comparison of light scattering by different cell types using high throughput FACS (Feodorova et al., 2015) measurements revealed that isolated retinal cells scatter substantially less light than neurons of the brain and cultured neuroblastoma cells (Fig. 1C ). This trend is seen for forward-scattered light but is 90 even more pronounced for side scattering, which reflects subcellular heterogeneity.
Using forward scattering as a measure of cell size indicates that side scattering normalized by volume is also noticeably lower in retinal cells (Fig. 1C, inset) . This suggest that retinal cells are indeed optically specialized, as they scatter less light for a given size.
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To determine when the low sideward light scattering characteristic of retinal nuclei emerges, we compared the scattering profile of retinal nuclei in P25 pups and adult (12 weeks) mice. We found little or no difference between forward light scattering ( Fig. 1D -E), as predicted by earlier models (Błaszczak et al., 2014; Kreysing et al., 100 2010; Nagelberg et al., 2017) . In stark contrast, however, side scattering (measured in a narrow range around 90˚), with a strong potential to diminish image contrast, was significantly reduced in adult retinal nuclei compared to the intermediate developmental stage (Fig. 1F ). Quantitative analysis of sorted nuclei from P25 retinae further revealed a monotonic relation between chromocenter number and side 105 scattering signal ( Fig. 1G ). In particular, those nuclei with the lowest number of chromocenters were found to scatter the least. In support of this experimental quantification, a wave-optical Mie model of light-scattering by refractive chromocenters closely reproduced the trend of light scattering reduction with chromocenter fusion (Fig. 1H ).
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To establish whether rod nuclear inversion is required to cause the developmental reduction in light scattering, we used a transgenic mouse model (TG-LBR) in which heterochromatin remains anchored at the lamina which in turn prevents the complete fusion of chromocenters ( Fig. 2A1 , A2 , 2B, Fig. S2 ) (Solovei et al., 2013) . FACS 115 experiments of nuclei from TG-LBR retinae, in which >70% of the nuclei are successfully arrested ( Fig. S4) , revealed significantly increased light scattering ( Fig.   2C , Fig. 1F ). Specifically, the global maximum of the side-scattering was re-located precisely to the position that is characteristic of nuclei isolated from WT pups at P14, which possess a similar number of chromocenters as inversion arrested nuclei 120 (compare Fig. 2B , C, Fig. 1F , G). Because inhibition of chromocenter fusion leads to specific increase in scattering, we conclude that the reduction of light scattering with chromocenter number is causal.
Improved retinal contrast transmission
Next, we asked how nuclear substructure could affect the optical properties of the 125 ONL. We first approached this via a simulation that built on recent advances in computational optics (Weigert et al., 2018) . This allowed us to specifically change These simulations suggested that especially the sideward scattering (cumulative scattering signal at angles >30 deg) monotonically decreases when 10 chromocenters successfully fuse into one ( Fig. 2D2, 2E ). Physically, this effect of reduced scattering can be explained by a reduction of volume-specific scattering for 135 weak scatterers in the size regime slightly above one wavelength of light, similar to scattering reduction techniques proposed for transparent sea animals (Johnsen, 2012) (Fig. 2 F, G) . Furthermore, a minimal optical ONL model reconstituted from suspended beads of different size but same volume fraction (Supplementary Methods) illustrates how a decreased geometric scattering cross section after fusion 140 leads to reduced scattering-induced veil that helps to prevent contrast losses ( Fig.   2H and inset). Taken together these data suggest that nuclear inversion might serve to preserve contrast in retinal transmitted images.
To experimentally quantify the optical quality of the retina with respect to nuclear 145 architecture, we applied the concept of the modulation transfer function (MTF), a standard way to assess image quality of optical instruments (Boreman, 2001) .
Specifically, MTF indicates how much contrast is maintained in images of increasingly finer sinusoidal stripes ( Fig. S5 B, C) . We therefore devised an automated optical setup ( Fig. S5 A) that allowed us to project video sequences of demagnified Fig 3A) . In contrast to many lens-based optical 160 systems, retinal MTFs do not display a strict resolution limit. Instead a monotonic decay of retina transmitted contrast indicates scattering induced veil, rather than a frequency cut-off to be the cause of contrast loss ( Fig. 3 A, B Fig. S6 A-D). Collected from >1300 high resolution images, this data reveals that, similar to the lens (Tkatchenko et al., 2010) , the retina matures towards increasing optical quality during 165 latest developmental stages, with chromocenter fusion as a putative mechanism of veil reduction.
Next, we asked if developmental improvements in contrast transmission of the retina are indeed caused by chromocenter fusion. For this we used mice in which LBR- Frequently, the quality of image-forming optical systems is reported as a single parameter value called the Strehl ratio (Thibos et al., 2004) . Since our image 180 projection setup closely mimics the mouse eye, it allows meaningful comparisons of the Strehl ratios of retinae, by comparing the volumes under MTF curves. With regard to our MTF measurements, we that find the Strehl ratio of a fully developed retina is increased 2.00 ± 0.15-fold compared to that of pups (P14) in which chromocenters fusion was not completed, and similarly 1.91 ± 0.14-fold (ratio of means ± SEM) 185 improved compared to TG-LBR adult retinae (p<0.001) in which chromocenter fusion was deliberately arrested (Fig. 3C ).
Since the Strehl ratio makes predictions for the peak intensity of a tissue transmitted point stimulus, we analyzed the effect of micro-projecting a point-like stimulus 190 through the mouse retina (diameter here ~3 m, measurement constrained by outer segment spacing). We found that the resulting image at the back of the WT retina had a near two-fold (1.79 ± 0.38, mean ± SD) higher peak intensity compared to the TG-LBR retina (Fig. 3D , N=119, N=121, measured in at a total of 6 animals). The full-width half maximum (FWHM) of the PSF, however, remained virtually unchanged (4.32±2.38 195 m, 3.75±2.01 m, mean ± SD for WT & TG-LBR retinae respectively). These measurements indicate that contrast is lost due to the generation of image veil from side scattering, which overcasts attenuated, but otherwise unchanged signals.
Accordingly, when comparing the integrated absolute transmission through rhodopsin-bleached retinae in dedicated experiments (Supplementary methods), we 200 found near identical transmission values for WT and inversion arrested retinae (TWT 74±8 %, TLBR = 72 ±5 %, mean ±SD), which emphasizes that despite differential image signal, the overall photon arrival at the photoreceptor outer segments, remains unchanged.
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The advantage of improved retinal contrast transmission becomes apparent not only when following the motion of individual (non-averaged) light stimuli that appear at considerably higher signal-to-noise levels (Fig. 3E) at the outer segments level, but also in a real-life example, when images of an approaching cat are micro-projected through a mouse retina (Fig. 3F ). Nuclear inversion results in cat images becoming 210 visible considerably earlier compared to mice that lack nuclear inversion (4 vs 3 meters, at a given arbitrary noise threshold). These results suggest that nuclear inversion may offer enhanced visual competence that originates from improved contrast preservation in retinal images.
Improved contrast sensitivity 215
To determine whether the improved retinal contrast transmission translates into improved visual perception, we carried out behavioral tests using Opto-motor-reflex measurements (Fig. 4A ). Specifically, we used a fully automated mouse tracking and data analysis pipeline (Striatech technologies) (Benkner et al., 2013) to compare the contrast sensitivities of adult WT mice and those with arrested nuclear architecture 220 (TG-LBR). Firstly, contrast sensitivity assessed by the animal's ability to detect moving stripes, did not differ significantly between the two genotypes at photopic light condition (70 Lux -the typical brightness of monitor). Transgenic and WT animals showed comparable visual sensitivity, as quantified by the area under the log-contrast sensitivity curve (AULC, Fig. 4B, left) (Villegas et al., 2002) . As nuclear 225 adaptation is strongly correlated with nocturnal lifestyle (Solovei et al., 2009; , we adapted this set-up to assess contrast sensitivity under scotopic light conditions. At 20 mLux, which is the range of brightness in moonlight (Kyba et al., 2017) , we again found comparable responses for coarse stimuli (wide large contrast stripes) suggesting equally functional rod-based vision in TG-LBR and WT mice (Fig. 4B,   230 right) without noticeable differences in absolute sensitivity. Furthermore, mice deficient of rhodopsin (Rho-/-) (Humphries et al., 1997; Jaissle et al., 2001) confirmed that visual behaviour under the displayed conditions fully relies on the functionality of the rod pathway (Fig. S7E) .
When required to detect finer stripes, WT and TG-LBR mice displayed significant 235 differences in their visual performance, specifically in contrast sensitivity (Fig. 4C) . At 20mLux we observed an 18% greater AULC for WT mice compared with TG-LBR mice (p < 0.01). At even lower light intensities (2mLux, comparable to a starry night), the difference in AULC values was even greater (ratio 27%, p< 0.01) albeit at lower absolute sensitivities, which agrees with reported values for WT mice (Alam et al., 240 2015; Prusky et al., 2004; . The most significant differences in the contrast sensitivity occur above 0.15 cycles/degree (Fig. 4D) . Especially, in the regime close to the visual acuity (0.26-0.30 cycles/degree), WT mice show up to 10 times (p<0.0001) greater positive response rates at intermediate contrasts (Fig. 4E) compared to mice with inversion arrested rod nuclei. Moreover, at 90-100% 245 contrasts, where WT mice approach a maximum responsiveness, we observed a near 6-fold reduced risk to miss a stimulus for WT compared to TG-LBR mice (false negative rates 11% WT, 59% TG-LBR).
Finally, we asked whether reduced visual sensitivity of mice lacking the inverted nuclear architecture can be sufficiently explained by inferior contrast transmission of 250 the retina. Direct comparison of behavioral sensitivity with the MTF curves showed that vision mostly occurs in regions in which retinal contrast transmission is higher than 50% and substantial differences in MTFs occur. Specifically, the 18-27% difference in contrast sensitivity goes together with a 26% higher Strehl ratio in WT retinae when evaluated in the relevant frequency regime (0 -0.36 cycles / degree).
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This suggest that at low light level contrast sensitivity is directly limited by contrast transmission through the retina, and that a reduction of contrast sensitivity in mice with non-inverted rod nuclei may be explained by increased contrast losses in the retina. Accordingly, matching the image contrast at the photoreceptor level of TG-LBR mice with WT mice, while leaving intensities unchanged, should rescue contrast 260 sensitivity in TG-LBR mice. To test this, we first confirmed that contrast transmission through the inner retina is a linear process, with contrasts at the photoreceptor levels being proportional to contrasts in projected images (Fig. S7 B, C) . We then adjusted the displayed contrasts in optomotor measurements to pre-compensate for higher contrast losses in the TG-LBR retina. Strikingly we found that with equal image 265 contrast at the level of the photoreceptor segments, visual competence of LBR mice was rescued and becomes near identical to that of WT mice (Fig 4F) . Thus, improved retinal contrast transmission sufficiently explains the augmented contrast sensitivity in mice with inverted rod nuclei.
Discussion
270
As an important determinant of fitness, animals evolved a wide range of visual adaptation to see in the dark (Nilsson, 2009; O'Carroll and Warrant, 2017; Thomas et al., 2017; Warrant and Nilsson, 2006; Warrant, 2017) . Nocturnal vision is known to rely on highly efficient light capture, both at the level of the lens and photoreceptor outer segments, and often compromises spatio-temporal resolution by summation 275 strategies of neuronal readout (Warrant, 1999; 2017) . Here we established nuclear inversion as a complementary strategy to maximize sensitivity under low light conditions. Centrally, we show that it is the direction into which light is scattered inside retinal tissue that translates into differential contrast sensitivity. Specifically, we find that the forward scattering characteristic of inverted nuclei (Solovei et al., 280 2009, Kreysing et al., 2010) mainly suppresses light scattering by nuclear substructure towards large angles and image veil and contrast reduction resulting from it. As the mechanism involves improvements in retinal image contrast rather than notable changes in photon transmission that could impact absolute sensitivity (Banks et al., 2015; Cronin et al., 2014; Nilsson, 2009; Warrant, 1999) , one might ask why 285 nuclear inversion is an adaptation exclusive to nocturnal mammals. Wouldn't improvements in retinal image contrast not also be beneficial for diurnal mammals?
Firstly, the larger spacing of photoreceptor segments in the diurnal retina significantly reduces ONL thickness and thereby the risk of scattering induced veil and loss of image contrast. Furthermore, as is well known from photography, shot-noise that 290 accounts for image granularity (Barlow, 1956; de Vries, 1943; Rose, 1948) becomes less of a problem with increasing light levels. Million-fold higher light intensities during the day imply a higher safety margin from this noise floor (Warrant, 1999) , (Fig. S7 F) , as required for neural mechanisms of contrast enhancement to function (Artal et al., 2004; Flevaris and Murray, 2015; Hess and Dakin, 1988; Shevell et al., 1992) . Such 295 compensatory mechanisms are also likely to explain why no behavioral differences are observed at elevated intensities and why augmented vision becomes pronounced only at low light levels. Last, but not least, our measurements show that, although nuclear inversion improves retinal contrast transmission via reduced image veil, resolution, the limiting factor for high acuity diurnal vision, remains largely unaffected.
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In conclusion, our work adds functional significance to a prominent exception of an otherwise highly conserved pattern of nuclear organization and establishes retinal contrast transmission as a new determinant of mammalian fitness. 
355
WT (black) and TG-LBR mouse (red). (F) Image-series of a cat approach as seen through the retina of mice, WT and transgenic genotype from various distances at the same vision limiting (arbitrarily chosen) signal to noise level. Consistent intensity differences of two or more color shades indicate significantly better predator detection potential for WT mice. Data magnified for clarity. were approved by the Institutional Animal Welfare Officer (Tierschutzbeauftragter) and the ethics committee of the TU Dresden. Necessary licenses were obtained from the regional Ethical Commission for Animal Experimentation of Dresden, Germany (Tierversuchskommission, Landesdirektion Sachsen)"
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